Approximately 25% of all genome coding sequences correspond to membrane proteins, which perform varied and essential functions in cells. Eukaryotic integral membrane proteins are predominantly ␣-helical proteins that span the membrane several times. The most frequent approach to identifying transmembrane-helix amino acids essential for function is to substitute native residues, one at a time, with Cys or Ala (Cys-and Alascanning mutagenesis). Here, we present a new approach, in which complete transmembrane-helix native sequences are substituted with poly-Ala sequences. We show that the basic functional features of two dissimilar membrane proteins, which function as a channel and a pump, respectively, are maintained when certain individual ␣-helices are replaced with poly-Ala sequences. This approach ("helix-scanning mutagenesis") allows for rapid identification of helices containing residues essential for function and can be used as a primary helix-screening tool, followed by individual amino acid substitutions when specific helix poly-Ala replacements cause functional changes in the protein.
The hydrophobic amino acid residues Leu and Ala are the most frequently found in transmembrane helices (1) . Poly-Ala sequences capped with sequences such as those regularly found in inter-helical loops of membrane proteins form ␣-helices (2). The methyl side-chain group of Ala lacks unusual dihedral angle preference and does not contribute to hydrogen bonds. Ala-scanning mutagenesis takes advantage of these properties of Ala and has been used to identify the so-called functional epitopes, i.e. "hot spots," in the structural epitope identified in high-resolution structures, which contribute most binding energy in protein-ligand interactions (3) .
Recent years have seen significant progress in understanding the structure-function of complex membrane proteins 1 ; however, our current knowledge of these important molecules is still very limited. Membrane proteins tolerate individual amino acid substitutions at most positions (5) . If some ␣-helices in membrane proteins do not contain residues required for proper helix packing, then it may be possible to replace them completely while preserving function. Here, we present a simplified approach of multiple simultaneous mutagenesis, i.e. the replacement of complete transmembrane helices of membrane proteins with poly-Ala sequences (helix-scanning mutagenesis), and its application to two dissimilar membrane transport proteins, a channel (connexin 43 (Cx43)) 2 and a pump (multidrug-resistance protein MRP1).
MATERIALS AND METHODS
Plasmid Engineering-To generate the poly-Ala mutants, we first introduced unique restriction sites flanking the transmembrane helices of interest. Then, we replaced the DNA sequences coding for a specific transmembrane helix with a poly-Ala coding set of oligonucleotide adaptors ready for ligation to the cut sites of the plasmids. (6) . Oocyte preparation and cRNA synthesis and injection were performed as described previously (6, 7) . For the MRP1 experiments, we used YEp-CL tMRP1, a Saccharomyces cerevisiae plasmid suitable for the expression of TMD 0 -truncated Cys-less MRP1 (CL tMRP1) (see Fig. 3A ). CL tMRP1 is a modified human MRP1 that starts at Asp 204 and is devoid of Cys (8) . Two constructs were generated for the MRP1 experiments. In one, the amino acid sequence including residues Thr 320 -Leu 337 (transmembrane segment 6) was substituted with a polyAla sequence. In the second construct, the wild-type sequence Gly 1228 -Val 1248 was substituted with a poly-Ala sequence. See supplementary material for details on the plasmid engineering procedures. DNA sequencing of all constructs was performed at the Protein Chemistry Core Laboratory of the University of Texas Medical Branch.
Western Blots of Biotinylated Plasma Membrane Cx43-Two days after injection, the oocytes were subjected to membrane surface biotinylation with a cell-membrane-impermeable reagent. The oocytes were lysed and Cx43 was immunoprecipitated by overnight incubation with a specific anti-Cx43 antibody. The biotinylated proteins were detected by chemiluminescence on a blot probed with streptavidin-horseradish peroxidase. Details on the methodology to assess plasma membrane expression in oocytes have been published previously (6) .
Uptake of 5(6) 96 NaCl, 2 KCl, 1 MgCl 2 , 1.8 CaCl 2 , and 5 HEPES/NaOH, pH 7.4) containing 2 mM CF. The low Ca solution was nominally Ca 2ϩ -and Mg 2ϩ -free ND96 containing 1 mM EDTA. After the 40-min uptake period, extracellular CF was removed by washing with ice-cold ND96 solution containing 10 M Gd 3ϩ to minimize leakage of intracellular CF via gap-junctional hemichannels during washing. Individual oocytes were lysed in 5 mM Tris-HCl, pH 9, and CF was measured by spectrofluorometry as described previously (6) .
Measurements of Gap-junctional Currents-Transjunctional currents were measured in paired oocytes. The vitelline membrane was manually removed 1 day after cRNA injection (9) before pairing the cells with the vegetal poles facing each other. The oocyte pairs were incubated in Barth's solution prior to the electrophysiological measurements using the dual two-microelectrode voltage clamp technique (7, 10) . The paired cells were clamped at Ϫ60 mV, and a transjunctional potential was generated by stepping the voltage of one oocyte from Ϫ60 mV while holding constant the voltage of the other cell (used as reference). The current supplied to the cell clamped at Ϫ60 mV is equal in amplitude, but opposite in sign, to the transjunctional current. The transjunctional voltage was stepped from Ϫ120 to 120 mV for 10 s at 20-mV intervals, with 15-s intervals between pulses.
MRP1 Expression, Preparation of Membranes, and LTC 4 Uptake Measurements-S. cerevisiae yeast were grown in 1-liter flasks in SDLeu medium (Q-Biogen, Carlsbad, CA) containing 15% glycerol, as described previously (11) . Membrane preparation and Western blots to assess MRP1 expression were performed as described previously (8) . The primary antibody was the anti-MRP1 monoclonal antibody QCRL-1 (Kamiya Biochemical Company, Seattle, WA). The LTC 4 uptake by membrane vesicles was determined by rapid filtration using radiolabeled LTC 4 (8) . Membrane vesicles from MRP1-expressing cells were incubated with LTC 4 in the presence of 4 mM ATP or AMP and 10 mM Mg 2ϩ (Mg-ATP sufficient to support maximal transport rates), and the membrane vesicle-associated radioactivity was monitored by rapid filtration (8) . In the transport competition experiments, 50 M 17-␤-estradiol 17-(␤-D-glucuronide) was added to LTC 4 -uptake samples 5 min before LTC 4 .
RESULTS

Poly-Ala Cx43 Mutants Form Functional Gap-junctional
Hemichannels-Gap junctions are cell-to-cell aqueous channels permeable to ions and hydrophilic molecules of M r Ͻ1,000 (12). They are formed by the head-to-head association of two connexons or gap-junctional hemichannels (connexin hexamers), one from each of the adjacent cells (13) (see Fig. 1A ). Gapjunctional channels are essential for cell-to-cell coupling, and hemichannels seem to perform important functions in physiological and pathophysiological conditions (12, 13) . Individual replacement of each of the Cx43 transmembrane segments with poly-Ala sequences yielded mutant proteins that were expressed at the plasma membrane (Fig. 1B) and functional (Fig. 1C) . We defined functional Cx43 mutant proteins as those capable of forming a plasma membrane-gated pore permeable to large hydrophilic solutes. We have recently shown that heterologous expression of recombinant Cx43 in single frog oocytes results in uptake of the M r 376 hydrophilic probe CF via Cx43 hemichannels (6, 7) . Fig. 1C shows that CF uptake is very low with normal extracellular [Ca 2ϩ ] because of hemichannel block (12, 14) and that exposure to low [Ca 2ϩ ] medium results in a significant increase in CF uptake in the poly-Ala mutants. This CF uptake is blocked by 18␤-glycyrrhetinic acid and octanol (Fig. 1D) , two blockers of gap-junctional channels and hemichannels (6, 12) . We have also demonstrated that CF uptake in normal [Ca 2ϩ ] is increased by the protein kinase C inhibitor calphostin C because of dephosphorylation of Ser 368 of the C-terminal domain (6, 15) . Calphostin C increased CF uptake in oocytes expressing Cx43 with transmembrane helix 4 replaced with a poly-Ala sequence (Cx43-Ala4, 7.9 Ϯ 1.4-fold increase, n ϭ 10, p Ͻ 0.0005), indicating that the permeability of mutant hemichannels is increased by lowering [Ca 2ϩ ] and blocking protein kinase C, both known regulatory mechanisms of WT Cx43 gap-junctional channels and hemichannels (8, 12, 14, 16).
Formation of Functional Gap-junctional Channels by a Cx43
Poly-Ala Mutant-Large gap-junctional currents, such as those shown in Fig. 2A (top right) , were easily measured in essentially all pairs of WT Cx43-expressing oocytes. Paired oocytes expressing poly-Ala mutants (n ϭ 6 -7 pairs per mutant) had no detectable gap-junctional currents (not shown), but Cx43-Ala4 formed gap-junctional channels with WT Cx43 (Fig. 2A,  bottom right) . Although there was some asymmetry in the time dependence of the junctional currents elicited by transjunctional voltage pulses in the WT-Ala4 gap-junctional channels (Fig. 2 , WT-Ala4 trace and I-V curve), the voltage dependence of the current was generally conserved (slow inactivation at large membrane voltages). The magnitude of the gapjunctional currents cannot be easily quantified because of the time-dependent formation of the channels. However, WT Cx43/Cx43-Ala4 channels either form less efficiently or have lower conductance and/or open probability than WT Cx43 channels because the current amplitude 2 h after pairing was smaller than, and after 6 h (trace shown in Fig. 2A ) was similar to, that of the WT Cx43 channels just 2 h after pairing ( Fig. 2A, right panels) . Fig. 2A (bottom left) also shows the absence of gap-junctional currents between an oocyte expressing WT Cx43 and another one expressing Cx43-Ala1 after overnight pairing. Junctional currents were also absent between one oocyte expressing WT Cx43 and another one expressing Cx43-Ala2 (n ϭ 6) or Cx43-Ala3 (n ϭ 6), even after overnight pairing (not shown).
Application of Helix-scanning Mutagenesis to MRP1-To determine whether the helix-scanning mutagenesis technique can be applied to membrane proteins other than Cx43, we carried out additional experiments on MRP1 (ABCC1, see Fig.  3A ), an ATP-binding cassette poly-specific pump responsible for some forms of multidrug resistance of cancer cells (17, 18) . MRP1 mediates ATP-dependent substrate efflux (18) . Several residues in TM17 interact with substrates such as E 2 17␤G, but there seems to be no specific interactions between TM17 residues and LTC 4 (19) . LTC 4 displays a high affinity for MRP1, with a K d in the nM range (8, 17) , and mutagenesis studies clearly point to several residues in TM6 as critical for the LTC4-MRP1 interaction (11) . If TM17 does not play a role in the high-affinity transport of LTC 4 and does not have a sequence-specific role in the structure of MRP1 (e.g. forming inter-helical hydrogen bonds essential for MRP1 helix packing), then it may be possible to retain LTC 4 transport if all the TM17 residues are substituted with Ala. To test this hypothesis, we replaced complete ␣-helices (TM6 or TM17) of a functional MRP1 mutant, CL tMRP1. We have shown that CL tMRP1 transports LTC 4 with efficiency similar to that of the wild-type MRP1 and displays a high affinity for this leukotriene (8) . As shown in Fig. 3, C and D, CL tMRP1 and both poly-Ala mutants are expressed in yeast membranes, and LTC 4 transport was not affected by replacement of TM17 with the poly-Ala sequence. In contrast, the membranes containing the TM6 poly-Ala mutant displayed a large reduction of LTC 4 transport, as expected from the known inhibition of LTC 4 transport observed in response to mutations of polar TM6 residues (11) . The interaction of MRP1 with E 2 17␤G is known to be affected by substitutions of TM17 residues (19) . As expected, the ability of E 2 17␤G to inhibit LTC 4 uptake by the poly-Ala 17 mutant was reduced. At a concentration of 50 M, E 2 17␤G reduced the 50-nM LTC 4 uptake by CL tMRP1 (49 Ϯ 4%, n ϭ 4, p Ͻ 0.05) but not that by the poly-Ala 17 mutant (8 Ϯ 5%, n ϭ 4). 
DISCUSSION
Cx43 poly-Ala mutants can form hemichannels for which the permeability to large hydrophilic solutes is increased by lowering [Ca 2ϩ ] and protein kinase C inhibition, and at least one of the complete-helix mutants (Cx43-Ala4) can form gap-junctional channels. The docking of hemichannels to form the gapjunctional channels depends on the structure of the two extracellular Cx loops, which are believed to form interdigitated ␤-sheets that insulate the channel from the extracellular solution (12) . Gap-junctional channel formation by docking of connexons of different connexin composition (heterotypic channels) occurs only with certain isoforms. i.e. is highly selective (12) . A change in the conformation of the extracellular loops, preventing hemichannel docking, is likely in the poly-Ala mutants because of alterations in the packing of the transmembrane ␣-helices. Changes in helix packing of the poly-Ala mutants are likely because small residues such as Ala favor closer helix packing in membrane proteins (20 -22) and the substitution of native polar residues can affect helix-helix interaction (20, 22) .
Recent mutagenesis and biochemical studies on multidrugresistance proteins of the ATP-binding cassette superfamily (11, 17, 18, 23, 24) , and the structures of soluble poly-specific non-ATP-binding cassette proteins (25) , indicate that several transmembrane segments form a single drug-binding pocket. This binding pocket is quite flexible, can bind more than one substrate at a time, and can accommodate a single compound in more than one orientation (4, 25) . In the case of MRP1, several transmembrane segments, including TM6 and TM17, have residues that interact with substrates (11, 19, 23) . The observation that LTC 4 transport by MRP1 is not altered by replacement of TM17 with a poly-Ala sequence indicates that none of the many polar residues in TM17 is essential for expression and folding of MRP1 or interaction of the protein with LTC 4 . This and the large reduction in ATP-dependent LTC 4 transport with the TM6 poly-Ala mutant are consistent with mutagenesis studies of individual TM6 and TM17 residues (11, 19) and provide a validation of the helix-scanning methodology.
The fact that all Cx43-Ala mutants form functional hemichannels suggests that none of the helices contains polar residues needed for the formation of a large pore permeable to hydrophilic solutes. Even though the basic functions of Cx43 and MRP1 are maintained in most poly-Ala mutants, variations in the primary sequence of the helices may tune these functions by alterations in helix packing and/or electrostatics, resulting in functional changes, e.g. pore size and substrate selectivity in the examples studied.
The replacement of complete helices ("helix-scanning mutagenesis"), introduced here to identify those helices the primary sequence of which is essential for function, could prove very useful for studies of other membrane proteins. It is significantly less labor intensive than Cys-and Ala-scanning mutagenesis (3, 5) and can be used as a primary helix-screening tool followed by the traditional individual substitutions of residues in the poly-Ala replacement mutants that display functional changes. It is also possible that complete helix replacement may simplify the rational engineering of simple, stable proteins for specific applications, such as their use in sensing devices.
